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Abstract

The absolute density of singlet oxygen has been quantitatively determined using off-axis integrated cavity output spectroscopy to
measure the Q(2)-Q(18) lines of the (0,0) band of the b‘Zg «— a'A, Noxon system near 1910 nm. Using derived values for the
absorption cross-sections and a fitted rotational temperature of 295 K, a singlet oxygen density of 3 x 10'®> molecules cm > (5% con-
version efficiency) was obtained in the afterglow of a 13.56 MHz RF discharge. The observed line spectrum for the Q(12) transition
has a signal-to-noise ratio of 120:1 signifying that singlet oxygen densities as low as 2.5 x 10" molecules cm > are detectable.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Lasing in the Chemical Oxygen-lodine Laser (COIL)
occurs at 1.315 pm via a stimulated emission of excited
iodine atoms [1].

I*(ZPl/z) —+ hV — I(2P3/2) —+ 2]’!\)

The excited I*(*Py,,) atoms are generated from iodine
molecules in a series of steps involving Oz(alAg).

0:(a'A) + I — I5 + 0,(X°Z,)
05(a'Ay) + 1, — 2ICPs2) + 05(X7Z,)

Os(a'A,) +1CPy2) — I'CPy ) + 0o(X'E,)

After including other possible deactivation steps, it has
been estimated that approximately 5 Oz(alAg) are re-
quired to transform a single I, molecule into 2 I*(*Py )
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atoms [2]. Therefore, the efficiency and power of COIL
are greatly dependent on the amount of Oz(aIAg) pre-
sent in the laser. Much effort in COIL development
has gone towards finding more efficient and less hazard-
ous methods of producing large densities of Oz(alAg)
and a variety of schemes have been developed, including
wet chemical reactions, electric discharges, optical
pumping, and alternate energy transfer methodologies.
In order to gauge the utility of these schemes as well
as provide an in situ diagnostic of the COIL’s perform-
ance, it is important to accurately measure the absolute
density of Oz(alAg). In addition to this measurement, it
is also important to determine the internal state distribu-
tion of Oz(a'Ag), because the efficiency of the aforemen-
tioned reactions depends on its rovibrational state. An
ideal diagnostic would provide both an accurate, abso-
lute Oz(aIAg) density and some measure of its internal
state distribution.

Besides COIL, singlet oxygen also plays a vital role in
a variety of chemical processes. In the stratosphere and
mesosphere, where singlet oxygen densities are largest, it
is responsible for one the strongest features of the day
and night airglow and significantly effects the radiative
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properties of the atmosphere [3]. Because of the impor-
tance of these transitions, they are spectroscopically
well-characterized and are still the focus of much recent
work [4-9].

Several methods have been developed to measure sin-
glet oxygen, including emission spectroscopy [10], tuna-
ble diode laser absorption spectroscopy [11], Raman
scattering [12], intracavity laser absorption spectroscopy
(ICLAS) [13], electron spin resonance (ESR) [14], and
resonance enhanced multiphoton ionization (REMPI).
However, a straightforward method of quantifying the
density and temperature of singlet oxygen is still lacking.
In this Letter, we report the application of off-axis inte-
grated cavity output spectroscopy (off-axis ICOS) to ad-
dress this problem by directly measuring the absorption
spectra of singlet oxygen near 1910 nm by exploiting the
(0,0) band of the Noxon system (b'X; « a'A,). Our
earlier work focused on measuring the overtone (1,0)
band of this spectroscopic system around 1505 nm
[15], and the two approaches are contrasted below.

2. Experiment

The off-axis ICOS system, shown in Fig. 1, has been
described previously [16] and only a brief overview will
be provided here. A nitrogen purged, single-mode
DFB diode laser providing 4 mW around 1910 nm is
coupled into a 0.8-m long, high-finesse cavity comprised
of two highly reflective mirrors (R = 99.9159%) in an off-
axis fashion. The latter alignment helps suppress optical
interference by making the laser beam trace several hun-
dred passes within the cavity before overlapping itself.
In cavity enhanced absorption measurements, the total
effective pathlength, L., traveled by the light is typically

between 1 and 100 km and is given by L.g = L*R/(1—R),
where L is the cavity length and R is the mirror reflectiv-
ity. Light transmitted through the cavity is focused onto
an amplified TE-cooled extended-InGaAs detector
(responsivity of 1.1 A/W at 1910 nm). In order to reduce
the background detector noise, the extended-InGaAs
element is maintained at —24.9 °C.

The effective pathlength of the cavity used in the pre-
sent work (Leg =972 m) was measured by cavity ring-
down spectroscopy [17] and confirmed by measuring
an overtone absorption of pure carbon dioxide at
5231.566 cm™!' and utilizing its published linestrength
in the HITRAN database [18]. The laser is current-
tuned approximately 30 GHz over the singlet oxygen
absorption feature of interest and then temperature-
tuned between 5229 and 5239 cm ™! in order to measure
the Q(2)—Q(18) lines. The precise spectral position of the
laser is determined by measuring previously identified
water absorptions (HITRAN database [18]) in ambient
air combined with simultaneously recorded etalon trans-
mission traces (FSR = 2.0 GHz).

Singlet oxygen is generated in a 13.56 MHz radio-
frequency inductively-coupled plasma (RF-ICP) by
flowing 10% O,/He through a 25-mm diameter quartz
tube and coupling 270 W of RF power into the gas.
The plasma afterglow is flowed through the measure-
ment cell at approximately 3000 SCCM at a total pres-
sure of 20 Torr. In order to minimize the collisional
deactivation of singlet oxygen, the optical cell and all
associated fittings are quartz coated.

3. Results and discussion

The measured cavity-enhanced spectra of the Q(2)-
Q(18) absorption features are shown in Fig. 2, and all
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Fig. 1. Off-axis ICOS experimental setup.
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Fig. 2. Measured (gray) singlet oxygen Q-branch absorption features fit to Voigt profiles (black). All eight lines were fit to a single rotational
temperature with independent Lorentzian components. The absolute frequency axis was calibrated using known water transitions and an etalon, and

the absorption features are within 0.01 cm™" of their predicted location.

singlet oxygen lines are found to be within 0.01 cm ™" of
their predicted positions. Due to strongly absorbing
water lines, the Q(16) feature is completely obscured
and the Q(8) line fit must include an overlapping water
line. The entire Q-branch spectrum is simultaneously
fit with Voigt lineshapes sharing a common Doppler
width, but varying Lorentzian components. The line
strengths are taken from Chiu [19] and only the temper-
ature and individual Lorentzian widths are adjustable in
the fit. The Lorentzian width is four times smaller than
the Doppler (Gaussian) width and only varied by +10%
over the entire spectrum, well within the fit error. The fit
yields a temperature of 295+ 1 K, consistent with
expectations.

A high-resolution Voigt fit of the measured Q(12)
transition is shown in Fig. 3 and yields Gaussian and
Lorentzian full-width-half-maximums of 0.01141 and
0.0027 + 0.0002 cm ™', respectively. The former gives a
translational temperature of 298 +2 K, in excellent
agreement with that determined by simultancously fit-
ting the Q-branch transitions. The Lorentzian full width
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Fig. 3. Cavity-enhanced spectrum (GA) of the Q(12) transition of
singlet oxygen. The measured data (circles) is fit to a Voigt profile
(solid line), yielding the residual shown atop the figure. The theoretical
cross-section for the transition is depicted on the right axis.

is ascribed to collisional band broadening (pressure
broadening). No studies have been performed that re-
port the pressure-induced shifts and widths of these
lines. However, some recent detailed studies involving
the b'T] — X’ atmospheric [7,20] and a'A, —
X3Zg IR atmospheric [6,7] bands have been reported.
These studies were performed at pressures ranging from
~100 to ~760 Torr. Assuming that the broadening of
the b'E; < a'A, (0,0) band can be taken as the average
of these two bands and that the experimental results can
be extrapolated down to our 20 Torr experimental pres-
sure, the rotational level average values reported by
Cheah et al. [7] yield a Lorentzian width of 0.0020
cm™'. Similarly, Brown and Plymate [20] and Newman
et al. [6] derived rotational level specific broadening
coefficients for the b'E] « X’Z (0,0) and a'A, —
X3Zg (0,0) bands, respectively. These coefficients yield
a value of 0.0024 cm™ ' for the Lorentzian full width
of the Q(12) transition due to pressure broadening.

Note that the pressure broadening coefficients above
are for O, and N,, which have nearly identical pressure
broadening coefficients. The bulk of the gas used in our
experiments is helium for which there is limited data. In
one study of the of the pressure broadening of the
118.750 GHz oxygen transition, Setzer and Pickett [21]
found that the pressure broadening coefficient for this
pure rotation ground state X3Zg’N =7 « 6 line for col-
lisions with helium to be 75% that of O, and N, This
result suggests that the value measured under our condi-
tions should be less than the estimates given above.
Therefore, the observation 0.0027 cm ™! for the Lorentz-
ian width of the observed Q(12) transition is in general
agreement with the available data but larger than ex-
pected based on reasonable assumptions. Further stud-
ies measuring the pressure broadening of these
transitions are needed to fully resolve this issue.

In order to deduce the absolute density of singlet oxy-
gen from the cavity-enhanced absorption spectrum, it is
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necessary to obtain the transition probability. Unlike
the oxygen atmospheric and IR atmospheric bands,
the absorption cross-sections for the b'EZ} < a'A, tran-
sition have never been measured individually. The only
available experimental data is that of Noxon [22] who
reported an absolute transition probability of the b-a,
(0,0) transition of 2.5x 107> s~! based on a measured
relative intensity of the b—a, (0,0) to b—X, (0,0). In pho-
ton units of intensity, the ratio of b-a, (0,0) to b-X, (0,0)
was about 0.004 and is accurate to within a factor of
two. Using the best values for the b—X, (0,0) transition
probability at the time (1961), Noxon derived the abso-
lute transition probability of the b-a, (0,0) to be
2.5x 107 s7'. Currently, the most commonly used
probability [23] is based on a value of A for the b-X,
(0,0) deduced by Burch and Gryvnak [24] of 1.7 x 1072
s~ 1. More recent work (2000) on the transition probabil-
ity of the b—X, (0,0) transition performed by Cheah et al.
[7] yields a value for the b-a, (0,0) of 1.6 x 10 s~

However, a correction should be made at this point
based on the Q-branch intensity. Noxon observed a
70-A wide feature, superimposed on a strong contin-
uum. In order to estimate the absolute transition prob-
ability for the b-a (0,0) band based solely on this
observation, Noxon assumed that this feature essentially
encompassed the Q-branch of the b-a (0,0) band and
that the Q-branch represented one fifth of the total band
intensity. Considering the line-strength factors derived
by Chiu [19] and verified by Fink et al. [25], the Q-
branch actually represents approximately one third of
the band intensity. Therefore, the value reported by
Noxon should be multiplied by a factor of 3/5 yielding
a transition probability of 1x 10~ s='. This revised
value is the only experimentally derived value for this
transition and has a reported accuracy of a factor of
two corresponding to a range of 0.5-2 x 1072 s~

AbD initio calculations have been performed to deter-
mine these values more accurately. The rovibrational
Schrédinger equation has been solved in the case-b limit
and excellent agreement with the vibrational energies of
the oxygen potential energy surfaces has been obtained.
These calculations were then used to solve for the quad-
rupole transition probability and a value of 1.26 x 1073
s ~! has been calculated [15]. The transition probability
is then used to calculate a peak absorption cross-section
shown in Fig. 3 using standard formulae [26]. Note that,
due to the high certainty with which the low-lying oxy-
gen potential energy surfaces (X, a, and b) are known,
the absorption cross-section can be very accurately
determined for low vibrational states, and this value is
estimated to be accurate to within 5%.

Using the data shown in Fig. 3 and the theoretically
obtained cross-section described above, the concentra-
tion of singlet oxygen in the v =0, J = 12 rovibrational
level is 2 x 10" molecules cm ~°. Taking into account
that the rotational temperature is 295 K (Fig. 2), and

assuming that the singlet oxygen is rotationally equili-
brated (with no significant vibrationally-excited popula-
tion), the total density of singlet oxygen is 3 x 10
molecules cm ™. Since the plasma is operated with 2
Torr of oxygen (20 Torr of a 10% O,/He mix) and
0.09 Torr is converted to singlet oxygen, the plasma con-
version efficiency is ~5%. Moreover, the Q(12) line is
measured with a S/N ratio of 120:1 after only 100 s of
data averaging, giving a minimum detectable singlet
oxygen density as low as 1.7 x 10'> molecules cm ™ per
quantum state, or, assuming a rotationally equilibrated
temperature of 295 K, a total singlet oxygen density of
only 2.5x 10" molecules cm . Further optimization
of the system to further reduce detector noise is expected
to reduce the minimum detectable density by a factor of
three.

4. Conclusions

We have recently reported measurements of the (1,0)
band of the Noxon system (b'X; «— a'A,) near 1505 nm
[15]. The current measurements near 1910 nm have two
key advantages over this earlier work. Most notably, the
absorption cross-section of (0,0) band is almost 20 times
larger than that for the (1,0) overtone. Ideally, the larger
cross-section would permit the (0,0) band measurements
at 1910 nm to be 20 times more sensitive than those of
the (0,0) band at 1505 nm. However, due to higher
detector noise and lower laser power, the (0,0) measure-
ments are only twice as sensitive as those of the (1,0)
band. A second advantage of exploiting the (0,0) band
is that less reflective cavity optics may be used. In this
work, we used cavity optics with 841 ppm loss at 1910
nm (R = 99.9159%) compared with the 14 ppm loss op-
tics used previously at 1505 nm (R = 99.9986%) [15].
Therefore, the cavity used in the present work is more
immune to extraneous cavity losses (e.g. particulates,
aerosols), perhaps introducing the possibility of making
in situ measurements in a COIL environment. The
major drawback of working at 1910 nm is the lack of
inexpensive, off-the-shelf tunable laser sources.
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